Background: Skeletal muscle experiences both quantitative and qualitative changes with aging. Echo intensity (EI) of the skeletal muscle obtained by ultrasonography (US) has been considered to reflect muscle quality. This technique is noninvasive, easily accessible, and is relatively inexpensive than that of other imaging techniques such as computed tomography (CT). Previous studies have reported that EI is related to several physical performances. However, few studies have investigated the validity of EI against other imaging methods in case of imaging of the skeletal muscle. We compared quantitative and qualitative indices evaluated by the US and CT imaging systems to strengthen their validity. Participants and methods: A total of 40 adults participated in this study: 19 young (10 men and 9 women; their mean (±SD) age was 22.7±1.5 years) and 21 older adults (13 men and 8 women; their mean age was 70.6±4.8 years). Both thighs of each participant were evaluated using US and CT imaging systems. Results: With respect to the US indices, the young group had significantly higher muscle thickness (MT) of the front thigh (P,0.001) and lower EI (P=0.001) than that of the older group. With respect to the CT indices, the cross-sectional area (CSA) and mean CT value (Hounsfield unit [HU]) of the muscle were found to be significantly higher in the young group (P,0.001) than that of the older group, whereas the percentage of low-density muscle area (%LDMA) was found to be significantly higher in the older group (P,0.001) than that of the young group. A significant, strong, and positive correlation was observed between MT and CSA, which reflects the muscle quantity (r=0.774; P,0.001). With respect to the indices of muscle quality, we found significant and moderate correlations between P,0.001) and between EI and %LDMA (r=0.441; P,0.001). However, these correlations were found to be decreased in the older group P=0.018) and between EI and %LDMA (r=0.257; P=0.100)]. Conclusion: Results of this study indicate that the EI is moderately associated with muscle attenuation as assessed by CT, which means that higher EI at least partly reflects intramuscular lipid infiltration.
Introduction
Sarcopenia is a phenomenon in which there is gradual loss in the mass and function of the skeletal muscle with aging. 1, 2 It is considered as the primary or one of the Correspondence: Yuya Watanabe Faculty of health and sports science, Doshisha University, 1-3 Tatara Miyakodani, Kyotanabe-shi, Kyoto 610-0394, Japan Tel/fax +81 774 65 6720 email yuwatana@mail.doshisha.ac.jp major component(s) of frailty, especially physical frailty. Recent meta-analysis studies have reported that sarcopenia is associated with harmful health outcomes such as functional decline and mortality. 3, 4 It also triggers loss of independence and leads to increased medical-related costs. Therefore, prevention and/or improvement of sarcopenia is of utmost importance for the advanced human societies.
In addition to quantitative depletion of skeletal muscle, qualitative changes occur with aging. Typical age-related qualitative changes in skeletal muscle are decreasing number of Types I and II muscle fibers and decreasing size of Type II fibers, 5, 6 increasing inter or intramuscular adipose and connective tissues, 7, 8 and increased extracellular water molecules relative to muscle volume. 9 These changes in the muscle composition are associated with decreased motor function and/or insulin resistance. [10] [11] [12] Therefore, assessment of qualitative factors in the skeletal muscle is important when dealing with sarcopenia. However, in general, assessment of skeletal muscle mass using normal imaging methods, such as magnetic resonance imaging (MRI), computed tomography (CT), as well as dual energy X-ray absorptiometry (DXA) cannot reflect the qualitative status of skeletal muscle. Therefore, an evaluation method that can perform qualitative assessment of the skeletal muscle is highly warranted.
To evaluate the composition of the skeletal muscle, Hounsfield units (HU) in CT image (CT value) 13 or MRI signal intensity can be used. 14 However, it is difficult to obtain these values for many community-dwelling older people because of the need of special equipments and measurement burden (time, cost, and radiation exposure). Recently, echo intensity (EI), calculated from the images of skeletal muscular ultrasonography (US), has also been used to evaluate muscle composition. This technique is noninvasive, easily accessible, and relatively inexpensive than that of other imaging systems such as CT. Several groups of researchers have used EI as an index of skeletal muscle quality or composition. [15] [16] [17] [18] [19] [20] [21] [22] [23] EI has been shown to be related to several physical performances. [18] [19] [20] [21] Furthermore, recent symposium reports introduced the effectiveness of skeletal muscular EI as an index of muscle quality. 24, 25 To establish the validity of EI, previous studies have compared EI obtained from US images with muscle fat content evaluated by MRI which revealed a moderate to strong correlation between them. 26, 27 However, to the best of our knowledge, no study has examined the association between EI and muscle attenuation as assessed by CT. Therefore, we compared quantitative and qualitative indices evaluated by US and CT imaging systems to strengthen the validity of EI as an indicator of muscle composition. We hypothesized that EI assessed by US is associated with muscle attenuation as assessed by CT.
Participants and methods study design
In this study, we evaluated the thighs of both young and older participants using US and CT imaging systems and analyzed the cross-sectional images obtained as described elsewhere. 20, 28, 29 The sample size was determined based on two previous studies. 26, 27 The study protocol was approved by the Ethics Committee of Kyoto Prefectural University of Medicine (RBMR-E-382) and the Ethics Committee of Fukuoka University (11-04-01) .
In this study, the indices of muscle quantity and quality obtained by each method (US and CT) were compared between young group and older group. In addition, the relationship between quantitative and qualitative indicators from both methods was examined. Each measurement was conducted on separate days. In this study, the mean interval between the two measurements was found to be 63.5 days (range: 6-117 days).
Participants
A total of 40 adults participated in this study: 19 young (10 men and 9 women; with mean (±SD) age of 22.7±1.5 years; range: 21-27 years) and 21 older adults (13 men and 8 women; with mean age of 70.6±4.8 years; range: 66-85 years). All the participants were community-dwelling and lived independently without the need for any long-term care assistance. Young participants were requited at Fukuoka University, whereas older participants were requited at the Health Center in Nakagawa Town, Fukuoka prefecture, Japan. All participants were able to walk without an assistive device and had no history of lower limb trauma or surgery, no neuromuscular disorder, no acute or chronic diseases that impaired their strength and power, and had no severe dementia (which might influence the obtainment of informed consent). In addition, there were no participants with uncontrollable hypertension, diabetes, coronary heart disease, or hypothyroidism and were not on steroid medication. All participants were fully informed about the experimental procedures and the purpose of this study. All participants provided their written informed consent prior to their participation in this study.
Ultrasound measurement
The tissue thickness of the anterior compartment of both thighs was measured by B-mode US imaging, as described 
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Association between muscle echo intensity and muscle attenuation elsewhere. 20 Transverse images were obtained with a B-mode US imaging device (SonoSite 180 Plus; SonoSite Japan, Tokyo, Japan) and a multi-frequency linear transducer (5-10 MHz). The gain was kept constant during all measurements and was not changed between participants. The measurements were performed with the participants in standing and completely relaxed position. The position of measurement was the midpoint between the anterior superior iliac spine and the lateral epicondyle of the femur. The transducer was positioned perpendicular to the longitudinal axis of the quadriceps femoris. The scanning head was pretreated with water-soluble transmission gel that provided acoustic contact without compressing the surface of the skin. A single investigator, who is a trained expert in the technical aspects of using the US machine, performed the measurements.
An electric caliper on frozen transverse US images was used to measure muscle and subcutaneous fat thickness (MT and FT, respectively). MT of the anterior compartment of the thigh was defined as the sum of thicknesses of the rectus femoris muscle and the vastus intermedius muscle. FT of the anterior compartment of the thigh was defined as the distance between the fascia of the rectus femoris muscle and the dermis. The measurements were repeated twice (a third measurement was performed in cases where there was a difference greater than 2 mm between the two measurements), and the median of these values was used in the analysis. The intraclass correlation coefficient (ICC) and mean coefficient of variation (CV) for the repeated measurements were found to be respectively 0.991 and 0.965% for MT and 0.987 and 3.574% for FT.
From single stored images of US, the EI value was determined by gray-scale analysis using the standard histogram function in Adobe Photoshop Elements (Adobe Systems, San Jose, CA, USA). 20 EI, as a muscle qualitative index, was defined as the mean pixel intensity in a region of interest (ROI). Each ROI included the rectus femoris muscle as much possible without any bone-surrounding fascia. The EI value in the ROI was expressed as a value between 0 (black) and 255 (white). The ICC and CV for the repeated measurements of EI were found to be 0.869 and 5.374%, respectively.
Computed tomography scan
A CT scanner (Toshiba Multi-CT Aquilion TSX-101A Scanner, Toshiba Medical Systems, Tokyo, Japan) was used to evaluate the quantity and quality of the mid-thigh muscles of the participants. 28, 29 Scans of both thighs were performed at a peak voltage of 135 kVp and at 400 mA, with a scan time of 0.5 seconds and a 512×512 matrix. The data from six images, each 2 mm thick, from the midpoint between the anterior iliac crest and the superior border of the patella of the thigh were superimposed to create volume data of 10 mm. All participants fasted for at least 3 hours but were allowed to consume water before the CT scan was performed. All CT scans were performed by the staff of Fukuseikai Hospital.
A cross-sectional area (CSA) and mean skeletal muscle Hounsfield unit (HU) value (CT value) of the mid-thigh were calculated using CT image analysis software on a Macintosh computer (OsiriX ver 3.3; OsiriX Foundation, Geneva, Switzerland). In addition, low-density skeletal muscle area (LDMA), a marker of lipid-rich skeletal muscle, was quantified within a 0-30 HU attenuation window. 30 We used CSA of the mid-thigh as an index of muscle size, whereas CT value and percentage of LDMA in CSA (%LDMA) were used as indices of muscle quality.
statistical analyses
Statistical analyses were performed using SPSS software (version 22.0; SPSS Japan, Tokyo, Japan). All values are reported as mean and SD. The differences in parameters between the young and older groups were detected using an unpaired t-test. The difference in sex ratio was analyzed using a chi-squared test. Correlations between variables were calculated using Pearson product-moment correlation coefficients. P-values ,0.05 were defined a statistically significant. Table 1 shows the physical characteristics and muscle quantity and quality indices as determined by US and CT imaging systems in both groups. No significant differences were observed in the percentage of women between the two groups (P=0.192). Figure 1 shows representative examples of US and CT images in young and older participants.
Results
With respect to the anthropometric variables, participants in the young group were found to be taller than those of the older group (P=0.001), although there was no significant difference in body weight. Furthermore, body mass index (BMI) was found to be significantly higher in the older group than that of the young group (P=0.029). With respect to the US indices, participants in the young group were found to have significantly higher MT (P,0.001) and lower EI (P=0.001) than those of the older group. However, there was no significant difference in the FT between the two groups (P=0.457). With respect to the CT indices, CSA and mean CT value were found to be significantly higher in the young group (P,0.001), whereas %LDMA was found to be young or older group) . The results demonstrated similar correlations in the young group, but the correlation coefficients were found to be decreased in the older group (Table 2) . Although a significant but weak correlation was found between EI and CT values (r=-0.363; P=0.018), there was no significant correlation between EI and %LDMA (r=0.257; P=0.100) in the older group.
Discussion
In this study, following four important findings have been demonstrated: 1) significant age differences were detected in quantitative and qualitative indicators as determined by both methods; 2) significant correlation was obtained between MT of the front thigh and thigh muscle CSA; 3) significant correlations were obtained between EI and CT indices significantly higher in the older group than that of the young group (P,0.001). Figure 2 shows the correlations between MT and CSA, between EI and CT value, and between EI and %LDMA.
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Association between muscle echo intensity and muscle attenuation (CT value and %LDMA); and 4) although their correlations were moderate, the correlations were found to be decreased in the older group. These results at least partly support our hypothesis with respect to the effectiveness of EI as an evaluation index of muscle quality related to muscle attenuation as assessed by CT.
Recently, EI, as determined by US imaging, has been recognized as a noninvasive, easily accessible, and a relatively inexpensive technique than that of other imaging systems such as CT, in the evaluation of muscle composition. US images of the skeletal muscle of older individuals have a higher EI (looks whiter) than those of younger individuals.
It is generally thought that a high-homogeneity tissue such as the skeletal muscle is visualized as a low-intensity area (darker) on US, and a low-homogeneity tissue such as subcutaneous adipose is visualized as a high-intensity area (whiter). Thus, it is expected that enhanced EI in older people reflects age-related changes in their muscle composition. Several reports have shown qualitative changes in the skeletal muscle in older individuals such as increased fat and/or fibrous tissue 7, 8 and relatively increased extracellular water molecules than that of young individuals. 9 Some of these changes are thought to be related to the EI of the skeletal muscle. Following are the factors that may increase the EI of the skeletal muscle by inducing reflection of the US wave: 1) increase of noncontractile elements (fat and connective tissue) within muscle, 32, 33 2) structural degeneration of extracellular matrix such as an increase in the concentration of collagen, 34 and 3) decreased homogeneity of skeletal muscle fiber direction. 35 Goodpaster et al reported a significant correlation between the skeletal muscle CT value of the mid-thigh and fat content of the vastus lateralis muscle evaluated by muscle biopsy in young-to-middle age individuals (r=-0.58, P=0.02). 30 Therefore, the mean HU value or %LDMA of the skeletal muscle evaluated by CT have been used as indices of intramuscular fat mass. Although it is well known that CT value decreases with aging, the factors that affect CT value should be noted. The CT value of the skeletal muscle is influenced not only by an increase or decrease in the intramuscular fat content (-30 to -190 HU) 31 but also by the presence of water molecules within the muscle (0 HU). The tissue of skeletal muscle holds a large volume of water molecules partitioned 
The relationship between eI and CT value and between eI and %lDMA in all participants are shown by a quadratic regression curve. Others are a linear regression. Abbreviations: CsA, cross-sectional area of muscle; CT, computed tomography; eI, echo intensity; MT, muscle thickness of front thigh; Us, ultrasonography; %lDMA, percentage of low-density muscle area.
into extracellular and intracellular compartments. Yamada et al reported that extracellular water molecules relative to the muscle volume increased with age. 9 In this study, the correlation coefficients between EI and CT indices were found to differ between groups (Table 2 ). These results suggest that the factors influencing the EI and CT parameters are different. It is highly possible that the relative expansion of extracellular water content in the skeletal muscle affected the CT value in older participants. Furthermore, increased extracellular water molecules may be one of the primary reasons for the decrease in the correlation coefficients between EI and CT indices in the older group, although we cannot make a definitive conclusion owing to the lack of water distribution data. Changes in water distribution in muscle may lead to deformation of the extracellular matrix and cause reflection of the US wave. However, EI is not considered to be influenced by water within muscle. Although US imaging technique has some problems, such as measurement errors and compatibility of evaluation values, EI may be superior to CT in the evaluation of the proportion of noncontractile elements in muscle.
Previously, only two studies have investigated the association between EI, as assessed by US, and fat content within muscle, as evaluated by MRI. 26, 27 Young et al evaluated four lower-limb muscles (rectus femoris, biceps femoris, tibialis anterior, and medial gastrocnemius muscles) with US and MRI in 31 participants (29-61 years) and observed moderate to strong correlations between EI and intramuscular fat contents (r=0.45-0.79). 26 They also used equations to estimate the percentage of intramuscular fat from EI and FT as evaluated by US. 26 More recently, Akima et al assessed relationships among EI, intramuscular fat content, as determined by MRI, and intramyocellular and extramyocellular lipids, as determined by 1 H magnetic resonance spectroscopy ( 1 H MRS) of vastus lateralis (VL) and biceps femoris (BF) muscles in 15 young (mean=20.9 years) and 15 older adults (mean=70.7 years). 27 They found significant but moderate correlations between EI and intramuscular fat (VL: r=0.404; BF: r=0.493) and between EI and extramyocellular lipids (VL: r=0.485; BF: r=0.648). 27 However, there was no significant correlation between EI and intramyocellular lipids (VL: r=0.060; BF: r=0.341). 27 Therefore, they concluded that enhanced EI in the US images of the skeletal muscle reflects extramyocellular adipose tissue and not intramyocellular adipose tissue. 27 These two studies 26, 27 revealed the availability of EI as an index of intramuscular fat content by comparison with the MRI technique. Previously, Reimers et al investigated muscle echogenicity and biopsy samples of several muscles in human and concluded that enhanced EI was primarily caused by an increased intramuscular lipid content. 15 Our findings align with these previous reports. 26, 27 However, it should be noted that EI of the skeletal muscle may be affected by the deposition of fibrous connective tissue within the muscle. Experimental studies in animals have suggested a strong correlation between EI and interstitial fibrous tissue, which was measured in biopsy samples (r=0.87, P,0.001). 32 Therefore, this suggests that EI can be used as a comprehensive index of muscle composition and not just to evaluate intramuscular fat infiltration.
There were some limitations in this study. First, the interval between the two measurement types tended to be long (mean: 63.5 days). The reason is that all CT scans in this study were performed during the normal work of Fukuseikai Hospital. Our participants did not take part in any intervention program and were not instructed to change their physical activity and nutritional pattern in the duration between the two measurements. Therefore, we believe that the participants followed a similar lifestyle until the end of the two measurements. We also believe that muscle composition of the participants did not change between the two measurements. However, we cannot exclude the possibility of slight change, which may weaken the association between US and CT indices. Second, the ROIs of the two measurements were different in this study. The US measurement was conducted on the anterior compartment of the thigh, whereas the CT scan was performed on the whole thigh. This difference may influence the results of this study. However, the results of this study also imply that the EI of the rectus femoris muscle predicts the muscle composition of the whole thigh. Third, the midpoint of the thigh in the two measurements was different (US: between the anterior superior iliac spine and the lateral epicondyle of the femur; CT: between the anterior iliac crest and the superior border of the patella). The exact location is very important when comparing evaluation values by different methods. 36 However, the target location of US measurement did not exactly match that of CT evaluation. The difference should be noted. Finally, EI value was evaluated from a single US image. This method has been used in our large-scale physical function measurement for communitydwelling older adults (n=1,463). 37 A short time evaluation should be given a priority in fieldwork for older people. We evaluated EI from a single US image to investigate the validity of the technique used in the field work, although it may be less precise than the method of other research groups. In this study, significant correlations between the results of US and CT imaging were observed even with such limitations. We think that the results are important. 
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Conclusion
In this study, we compared the quantitative and qualitative indices of the thigh skeletal muscle by using US and CT imaging systems in young and older participants. The results showed significant correlations between EI and CT values (r=-0.524; P,0.001) and between EI and %LDMA values (r=0.460; P,0.001). However, the correlations were found to be decreased in the older participants potentially owing to changes in water distribution within the muscle.
In addition, our results indicate that EI of the skeletal muscle can be at least partly substituted for CT in the evaluation of muscle composition. Based on the merits of US imaging such as noninvasiveness, easy accessibility, and cost-effectiveness, we recommend that this technique can be useful in the evaluation of quality and quantity of the skeletal muscle for a wide range of people. In some cases, such as for older individuals and those with edema, EI obtained from US images may be an effective indicator of muscle quality than that of CT value or %LDMA, although further investigation is needed.
